Abstract-Because the Higgs particle interacts with so many different particles, the potential associated with it takes contributions from many different sectors. This makes it very difficult to calculate, even when dealing with a restricted number of components. Another concern is creating useful visualizations of these potentials, as visual inspection is one of the main ways that physicists can gain new insights about them. Our main project involved plotting various Higgs potentials from new physics beyond the Standard Mod-el, in ways that would illustrate their dependence on various parameters such as temperature, energy scale and coupling strength. We also exported these potentials as 3D models with the aim of displaying them in virtual reality. We will calculate and plot new potentials including contributions from sources like dark matter and its interactions which could be visible through astrophysics or LHC experiments. We plotted new types of potentials associated with extra dimensions, dynamical symmetry breaking, and hidden gauge sectors involving undiscovered fermions. Another part of the project concerned the setup and con-figuration of the Visualization Center in the Computational Science Initiative at BNL. The room is equipped with a graphics computer with dual GPUs powering 6 wall mounted televisions and two virtual reality headsets. The televisions are configured to work as a single large unit intended to display large animations and data visualizations. This setup should make it easier for scientists to interact with and draw meaning from data, such as the high energy physics models that we studied.
INTRODUCTION
Peter Higgs, Franois Englert and Robert Brout developed the theory of a new fundamental field with a non-zero value in vacuum. This field and its associated gauge particle, now known as the Higgs boson, fit into the Standard Model and offer an explanation for the masses of some fundamental particles and the short range of the weak force, among other things. Though the existence of the Higgs field was first proposed in the 1960s, it was not until 2012 that the Higgs boson, or a particle sharing many of its properties, was discovered at CERNs Large Hadron Collider (LHC). Physicists are investigating the properties of this new particle through both analysis of LHC data and the development of new theories. Some of these new theories even posit that the Higgs could interact with dark matter through some exotic decay paths. If this is true, the Higgs could act as a doorway for the observation of this most elusive part of our universe.
Studies into new theories beyond the Standard Model usually begin with Feynman diagrams depicting the relevant interactions. Physicists then use these diagrams to calculate various quantities such as effective potentials and decay amplitudes, by way of the Feynman rules. These quantities usually involve functions of many variables, so visualizing them in full is impossible in three dimensions. So instead we visualize slices of these high-dimensional functions, using tools such as density plots and manipulators to show as much information as possible in a single plot. The self-interaction potential arises from the Higgs coupling to itself. 
SELF-INTERACTION POTENTIAL
[ht]V 1 = −mψ 2 + λψ 4(1)V f ef f (T = 0) = 2 d/2 Γ(d/2) π d/2 × 3 j=1 ∞ m=1 ∞ n=−∞ (−1) n cos(m(θ j − β f ) [β 2 n 2 + L 2 m 2 ] d/2(2)
TREE-LEVEL POTENTIAL
This section is about the tree-level potential. 
COLEMAN-WEINBERG POTENTIAL
In [2] , Metaxas starts with the Lagrangian
which includes a real scalar and a fermion field with a Yukawa interaction g, and with
He then uses the following expression for the effective potential at one loop:
Solving for the renormalization conditions on the first four derivatives of U ef f , he obtains the following equation: Unlike the other potentials in this paper, the ColemanWeinberg potential includes linear and cubic in φ and is thus asymmetric about the origin. These odd terms are due to the inclusion of the fermion, and without it the potential would look more like the self-interaction potential discussed before. This theory starts with a massless Higgs and generates the mass through quantum effects.
HIGGS DECAY TO DARK MATTER
Like most exotic particles, the Higgs boson is not observed directly in detectors like ATLAS and CMS. Instead, it decays very rapidly after it is created, and we detect its decay products. The Higgs boson can decay through many different processes. Those most easily detected at the LHC arise from tree-level Feynman diagrams. Another decay model that is currently under study involves the Higgs decaying to a virtual fermion, which in turn decays to some combination of Z boson, dark Z boson and photon, as shown in the Feynman diagrams of figure 5.
These Feynman diagrams lead to decay rate equations like 10 and 11 taken from [3] . Using equations 21-23 found in [4] , I added dependence on the mass of the fermion in the loop to the constant C SM HZZ . The plots in figure 6 show the decay rate as a function of these two masses. The H → ZZ d and H → Z d Z d plots look identical in form but differ in magnitude, while the plot for H → Zγ shows different behavior. In the interest of space, I didn't make any dynamically varying plots for these decay rates, but varying the loop-induced couplings κ γ and κ γ may be worth looking into. 
A. Video Wall
The video wall consists of six UHD Samsung televisions mounted in a 2x3 configuration, as shown in figure 8. The displays are connect to the graphics computer using 50' HDMI cables and HDMI/DP adapters. Using Nvidia's control panel, I stitched the four screens on the left into a single display and corrected for the bezels around each display. This composite screen will be used to showcase visualizations. The two screens on the right can be used to display controls and consoles.
B. Virtual Reality I tested both Oculus Rift and HTC Vive headsets. Each package included the headset itself, satellite sensors, hand-held controllers, and headphones. I found that while the Oculus Rift is easier to setup and more portable, the HTC Vive is more reliable and has better support for the scientific applications I tested.
I first tested the Oculus Rift headset. The sensors for the Rift look similar to microphones and are meant to sit on a desk, so they are easy to setup. However, they are prone to being moved and thus need to be recalibrated often. I was able to find a build of ParaView that worked with the Rift, but it did not have support for its touch controllers and was thus limited to rendering models and allowing the user to walk around them.
The sensors for the HTC Vive need to be placed in opposite upper corners of the "play area", so we decided to mount them to the walls of the room. While this is a more laborintensive setup, the sensors are much more stable and only need to be taken down for firmware updates. I was able to find builds of ParaView and UnityMol that worked with the Vive and supported its touch controllers without any additional configuration. Both of these programs allow a user to render models in virtual reality, walk around them, and manipulate them with the controllers. We also tested a virtual walkthrough of the ATLAS experiment at CERN's LHC, which also worked well with the Vive.
I also tested a LeapMotion controller, a small sensor which mounts to the front of a VR headset and allows for the direct detection of hand gestures. This technology isn't supported by many scientific applications yet, but it would definitely be more intuitive than the motion controllers for most people if it can be implemented well.
CONCLUSION
Using Mathematica, we quickly developed dynamic visualizations that illustrate the dependence of these potentials and decay rates on various parameters. Dynamic manipulation makes it very easy to see where the points of interest lie in the parameter space. In most cases, these visualizations rendered very quickly on a standard laptop. When the functions get got complicated, involving large numbers or many sums, we were unable to display them dynamically. On the other hand, visualization software like VTK is very powerful and fast, but not as accessible to someone with minimal programming experience. Future directions for this project will involve either speeding up the existing Mathematica code or porting the visualizations to a faster language. We would also like to leverage the resources of BNL's new Visualization Center to render these functions in high definition and virtual reality, as well as to calculate them much faster on more powerful machines. 
